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ABSTRACT 
An experimental investigation on the mean velocity distribution of a 
round synthetic jet generated by an acoustic driver has been performed and 
analyzed. Velocity profiles at the orifice plane and at parallel planes located 
at various distances have been obtained for this purpose. The main objective 
of this thesis is to determine the effect of orifice diameter and jet excitation 
frequency using dimensionless parameters (Reynolds number and Stroke 
Length) on the velocity profiles of synthetic jets. Results obtained from the 
experimental analysis are compared to the existing results and the trends are 
in good agreement. 
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Chapter 1 
INTRODUCTION 
This chapter presents general information on synthetic jet devices. 
Section 1.1 includes the definition of synthetic jet. Parameter scaling and 
velocity scaling of synthetic jets are explained briefly in Sections 1.2 and 
1.3. The chapter concludes with the outline of the thesis contents. 
1.1 Synthetic Jets 
Synthetic jets have recently received a lot of attention both 
experimentally and numerically in connection with many applications. These 
jets can be formed in different ranges of length and time-scales and can be 
used in many flow control applications.  They are considered as an excellent 
replacement for fans in different applications such as cooling electronic 
devices. Unlike conventional jets, synthetic jets are known to have a unique 
feature which is Zero-Net-Mass-Flux. This advantage makes it unnecessary 
to use any flow source since these jets have the ability to direct airflow with 
finite momentum and no additive mass [1]. 
A typical synthetic jet consists of three main parts: orifice, chamber 
and driver (Figure 1)  
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Figure 1 The schematic of a typical synthetic jet device. 
Orifice diameter can affect the mean velocity of the synthetic jet. 
Utturkar [2] did a numerical study on sensitivity of the synthetic jet to the 
design of the orifice by using different aspect ratios. Orifice radius can affect 
the extent of flow separation from the edges of the orifice and therefore the 
velocity profiles. Chamber volume size determines the natural frequency of 
the device. The Helmholtz resonance model is a quantitative explanation of 
the air mass motion and momentum in the chamber and will be more fully 
explained in Section 3.3. The driver plays an important role in formation of 
synthetic jet as it determines the jet strength and frequency. Piezoelectrical 
[3, 4], acoustical [5] and mechanical (pistons) [6] drivers have been used. 
The term “Synthetic Jet” was defined by Smith and Glezer [7] as a 
time-averaged flow motion which is generated by oscillatory flow at a 
sudden expansion. In order to explain the formation of a synthetic jet two 
phases can be defined: Ejection and Suction. A synthetic jet is produced by 
the interaction of a series of vortices which are formed by sudden alternation 
of the two phases of the flow across the orifice. During suction low pressure 
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draws the flow into the chamber through the orifice followed by ejection, 
where the high pressure expels air from the chamber. Flow separates at the 
edges of the orifice and shapes a vortex ring which travels away from the 
orifice powered by its own self-induced velocity.  
A synthetic jet takes the fluid from its surrounding and produces a jet 
with a forward velocity by transferring linear momentum to the flow without 
adding any mass flux across the system boundary. An oscillating flow with a 
zero time-averaged mean velocity through an orifice is needed to produce a 
synthetic jet flow. The oscillatory flow can be imposed by different kinds of 
driver. The oscillation amplitude should be large enough to cause the flow to 
separate at the orifice and induce the time-periodic rollup of the vortices. As 
the vortex rings move away from the orifice downstream, they are disturbed 
by the viscous effect, deformed and become similar to a steady turbulent jet. 
 1.2 Synthetic Jet Scaling Parameters  
It is important to define relevant and meaningful parameters in order 
to compare and judge synthetic jet behavior. These parameters are usually 
derived from flow variables such as pressure, velocity and time. Each of 
these parameters is explained here briefly. 
1.2.1 Dimensionless Stroke Length 
 Stroke Length quantifies the distance a particle on the jet centerline in 
the flow moves away from the orifice downstream. Smith and Swift [1] 
defined Stroke Length for a synthetic jet as: 
 
4 
 
3 4 5 $ &!6 78   9 :& (1) 
 
where $ &! is the centerline velocity at X=0  for a synthetic jet, T/2 is half 
the period of the oscillation cycle and d is the diameter of the orifice. For a 
sinusoidal oscillation, Stroke Length can be modified as: 
 
3 4 5 $;<=>? @ &!:&6 7  8A  (2) 
 
where $;< is the maximum velocity amplitude and it is assumed to be 
uniform over the orifice, @ is the angular frequency of oscillation and it is 
equal to 2C D 8 . This integral can be evaluated and expressed in dimensionless 
form as: 
 3: 4 $;<CE:  (3)  
 
knowing that the oscillating frequency is  E 4 @ 2C8  . 
The dimensionless Stroke Length can be interpreted as a 
dimensionless frequency like Strouhal number. Strouhal number for an 
oscillating flow is defined as: 
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F& 4 E:$;< (4)  
 
The relation between dimensionless Stroke Length and Strouhal number is: 
 3: 4 1C F& (5) 
 
 
Since Stroke Length is more meaningful physically as a gauge for 
displacement of the particle, Strouhal number is not used. 
1.2.2 Dimensionless Velocity Scale 
To determine the net effect over a whole cycle, defining a time 
averaged quantity is useful. Period averaged velocity is known as the time 
integral of the stream-wise velocity over a period, divided by a period as 
given below.  
 
 4 1D5 $ &! :&69  (6) 
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$ &! is the centerline velocity as a function of time at X=0 for a synthetic 
jet. In order to compare different synthetic jets, a velocity scale specifically 
for synthetic jets was defined by Smith and Swift [1] as follows: 
 
 4 3%E 4 1D5 $ &!:&679  (7) 
 
 is the downstream directed velocity of the flow only during the ejection 
phase of the synthetic jet (half of the oscillation cycle) and it is averaged 
over the whole period of the oscillation. 
Figure 2 demonstrates one cycle of the data taken at X=0 for a 10 mm 
diameter orifice. The area under the curve for half of the cycle () is shown 
by A and for the next half of the cycle by B.  at the exit plane of the jet 
is zero theoretically, since the suction and ejection values are the same (A-
B=0). Moving away on the centerline downstream, ejection increases and 
suction decreases.  
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Figure 2 The value of  
 and 
, area A or B is 
 and area A+B 
is 
. 
1.2.3 Reynolds Number 
 Reynolds Number is considered a useful parameter in defining jets, as 
it indicates the likelihood of turbulent flow. Based on the average 
downstream directed velocity during the ejection phase and the width of the 
channel, a commonly used Reynolds number in studying rectangular 
synthetic jets, is defined as below: 
 
HIJ 4   KL  (8) 
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L is the kinematic viscosity (dynamic viscosity divided by the density 
(L 4 M N8 ) and h is the width of the channel. For a round orifice, Reynolds 
number is modified as below, in which, d is the diameter of the orifice. 
 
HIJ 4   :L  (9) 
 
Another common definition for Reynolds number is based on the maximum 
velocity amplitude: 
 
HI 4 $;<KL  (10) 
 
 1.3 Thesis Outline 
In this study, velocity profiles of a synthetic jet are measured using a 
hot-wire anemometer along the jet centerline at different distances from the 
orifice plane and also across various planes perpendicular to the jet axis. A 
round orifice was used and measurements were taken in air, at approximately 
20° C and atmospheric pressure.   
The outline of the thesis is as follows. Chapter 2 presents a brief 
description of the studies completed and published on synthetic jet 
formation, evaluation and applications. The experimental apparatus and 
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measurement techniques are explained in Chapter 3. Chapter 4 describes the 
results of velocity measurements. Data reduction and analysis techniques 
applied to the results are also presented. Chapter 5 offers conclusions and 
recommendations. An uncertainty analysis of the measurements can be 
found in Appendix A, while Appendix B gives details of the hot-wire 
calibration process and measurement procedure. The data files obtained from 
the measurements and analyzed on spread sheets are collected on a CD-
ROM attached to Appendix C. 
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Chapter 2  
LITERATURE SURVEY AND OBJECTIVES 
This chapter consists of three sections. Section 2.1 is a literature 
review of general work concerning synthetic jets. Some applications of 
synthetic jets are mentioned in this section. Since the current work was based 
on an experimental study, focus is more on experimental studies of synthetic 
jets. Section 2.2 presents experimental studies which have been carried on 
the formation, evaluation, near and far field evolution of the synthetic jets. 
Lastly, Section 2.3 includes thesis objectives. 
 2.1 General Work (Applications) 
Aspects of formation, velocity profiles and applications of synthetic 
jets have been studied both experimentally and numerically in the last 40 
years. They are also referred to as Zero-Net-Mass-Flux (ZNMF) devices due 
to their unique nature of a zero net mass injection across their system 
boundary. This makes them a desirable and affordable choice for a variety of 
applications such as flow control, fluid mixing, mass transfer, thermal 
management and cooling as indicated in the next paragraphs. Simplistic 
design is another attractive feature for industrial researchers to examine and 
explore the behavior of synthetic jets.  
Different technical applications of synthetic jets have been 
investigated such as flow control applications like jet vectoring. Smith and 
Glezer [8] conducted an experimental study about the vectoring effect that a 
synthetic jet can have on a steady jet. Both jets had the same length but 
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different aspect ratio. The aspect ratio of the synthetic jet orifice was 25 
times larger than the steady jet. They were mounted on the same plane with 
1.8 mm distance between them. The interaction between the steady jet and 
the synthetic jet was investigated using particle image velocimetry (PIV). It 
was shown that the steady jet flow is directed into the synthetic jet orifice 
and the interaction between the jets lead to the formation of a closed 
recirculation flow domain. They also studied the characteristic effect of 
vectoring angle on the deflection of the steady jet flow towards the synthetic 
jet [9]. Additional experimental and numerical investigations concerning  jet 
vectoring can be found in Pack and Seifret [10] and Guo et al [11] 
respectively. 
The effect of synthetic jet flows normal to the parallel flow of hot and 
cold streams was studied experimentally [12]. It was found that the degree of 
mixing was a function of jet actuation. What makes utilizing synthetic jets as 
a mixing aid attractive, is the lack of additional cold dilution air needed due 
to the ZNMF nature of the jet. The temperature distribution at 80 diameters 
downstream was measured in order to find the mixing efficiency of the jet. 
Mixing efficiency was found to be a function of the synthetic jet actuation.  
At low actuation, the distribution was not uniform since there was not 
enough mixing action. The temperature difference was from 40°C to 740°C. 
For high actuation, a more uniform distribution was observed. 
Travenicek and Tesar [13] used an annular synthetic jet device to 
observe the mass transfer effect on the thickness of the Naphthalene layer, 
coated the surface. Two different flow fields were found by smoke 
visualization method in this study, “weak” and “strong”. These two fields 
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were a function of oscillation amplitude. For the “strong” field the extent of 
mass transfer was greater than “weak” field. 
A 2-D synthetic jet actuator in a rectangular channel with low flow 
rate was used in Mahalingam et al [14]. The effect of channel width on 
thermal efficiency and heat transfer coefficients were studied. It was found 
that thermal effectiveness of the jet actuator induced cooling in the channel, 
decreases with increasing channel width and increases with the temperature 
difference between the wall and the exit air. The study shows that the jet 
actuator demonstrates higher heat transfer at low flow rates. Mahalingam 
[15] in 2007 predicted thermal performance of synthetic jet by developing a 
model based on the solution of mass and momentum equations in a channel. 
The experimental results acquired in the previous study were also compared 
with the numerical predictions from the modeling.  
In another study Campbell et al [16] used an electromagnetic driven 
synthetic micro-jet for cooling a laptop processor. A 22% reduction of mean 
temperature of the operating processor was obtained versus natural 
convection alone. Different variables such as actuation frequency, amplitude 
and geometry were used to determine an optimized synthetic jet. 
A comparison study between synthetic jets and continuous jets 
regarding the cooling effects of a constant heat flux was conducted by 
Mahalingam [14]. High frequency synthetic jets (f =1200 Hz) were found to 
remove heat better than low frequency jets (f =420 Hz) for smaller H/d (H is 
the distance between jet’s orifice and heated surface). For larger H/d, an 
opposite relation was found. Synthetic jets were found to be three times 
more effective in cooling than continuous jets at the same Reynolds number. 
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The cooling performance of synthetic jets in a rectangular channel was also 
studied numerically in Mahaligam 2007 [15]. 
Amitay et al [17, 18] investigated a two-dimensional airfoil with a 
cylindrical portion of the leading-edge section fitted with a synthetic jet for 
flow separation control. For angles of attack greater than 5° and at a chord 
Reynolds number of 3O105, the flow separated from the airfoil surface. It 
was found that the location of the synthetic jets and their amplitude are 
critical to flow reattachment. Complete and partial reattachments occurred 
up to an angle of attack of 15° and 25°. The flow over an airfoil with a 
synthetic jet near the leading edge is numerically simulated by Ravindran 
[19], It was shown that for high angles of attack, increasing of the synthetic 
jet strength causes the lift coefficient to increase as well. 
In another study Kiddy et al [20] worked on designing, modeling and 
fabricating micro synthetic jets to be used in flow control applications. They 
used miniature pressure tubes and observed velocities up to 20 m/s.  
2.2 Experimental Studies 
A Zero-Net-Mass-Flux jet flow was first observed by Ingard and 
Labate [21]. Their study included diameters of 3.5 mm to 20 mm and 
velocities of 0 m/s to 7 m/s. Acoustic waves were used to form the sinusoidal 
motion. They used stroboscopic illumination to characterize acoustic 
streaming through a circular orifice. 
Medinkov and Novitskii [22] used an acoustically driven conical tube 
to observe the formation of Zero-Net-Mass-Flux jet from opposing trains of 
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vortex rings on both sides of the orifice. By inducing frequencies from 10 to 
100 Hz, they observed velocities up to 17 m/s.  
Lebedeva [23] transmitted a high amplitude sound wave (500 to 1600 
Hz) through an orifice of 0.75cm diameter placed at the end of tube causing 
the formation of a synthetic jet with velocities up to 10 m/s. 
James et al [3] studied formation of a synthetic jet, produced normal 
to and at the center of a submerged oscillating diaphragm in water. The 
cavitation bubbles formed on the surface of the diaphragm and deflated 
during each cycle while travelling downstream. Comparison between the 
synthetic jet and a conventional turbulent jet in water showed a similarity of 
the time-averaged jet structure. Jet width growth and inverse centerline 
velocity are both linear functions of the distance from the actuator. 
Development of a synthetic jet was studied experimentally by Smith 
and Glezer [7]. Measurements were taken in air through a rectangular orifice 
with 0.5 mm width and 75 mm length. According to their study synthetic jet 
is made by the time-harmonic formation and interaction of a train of vortex 
pairs that are produced at the edge of the orifice. A piezoelectric driver with 
1140 Hz nominal resonance was used to vibrate a round diaphragm which 
was mounted in a sealed cavity. 
As the diaphragm moves towards the orifice (chamber becoming 
smaller) flow is ejected through the orifice. This flow separates at the edge 
of the orifice and forms a vortex field which later rolls into a vortex pair 
traveling downstream due to its momentum. The exit radius of the orifice 
can change the rate of flow separation from the edges. As the diaphragm 
moves away from the orifice; suction occurs and if the rolled vortex pair has 
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moved far enough from the orifice, it is not drawn back flow into the 
chamber of the actuator. However, surrounding fluid is drawn into the 
chamber resulting in a Zero-Net-Mass-Flux out of the orifice. Elements of 
fluid are exchanged between the chamber and outer media and the net 
hydrodynamic impulse of the vortex pairs is not zero. Smith and Glezer [7] 
also introduced two dimensionless parameters for synthetic jets: Stroke 
Length and Reynolds number. The vortex pair formation is governed by 
Stroke Length. In fact a study of vortex formation gives parameters ranges 
required for formation. A brief description of synthetic jet parameterization 
is given in Chapter 1 of this thesis. 
Smith and Glezer [8] in another study, divided synthetic jet formation 
into two fields: near field formation and far field formation. Near the jet exit 
plane the flow is subjected to a time-periodic formation and downstream 
movement of vortex pairs which gradually become turbulent and interacting 
eventually creating a fully developed turbulent jet. Similarities between the 
later field and conventional 2-D turbulent jet were observed in their study far 
from the jet exit. They also found a stream wise decrease in synthetic jet’s 
momentum flux as a result of an adverse stream wise pressure gradient near 
the jet orifice, while for a conventional 2-D turbulent jet; the momentum flux 
is an invariant of the motion. 
Synthetic jets have been compared with low Reynolds number 
continuous jets and also pulsed jets by Bera et al [24]. It is found that 
synthetic jets are produced by advection and interaction of vortices almost 
like a pulsed jet but they are formed by the working fluid of the flow system 
and thus transfer linear momentum to the flow system without net mass 
injection across the system boundary. 
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The early research of Smith and Swift [25] showed a resemblance in 
characteristic of low Reynolds number synthetic jets and high Reynolds 
number continuous jets. Later, they compared synthetic jets and continuous 
jets and explored the effect of dimensionless parameters on synthetic jets [1]. 
It was discovered that although synthetic jets and continuous jets have the 
same profile, synthetic jets grow more rapidly in terms of jet width and 
volume flux. Their research is the motivation of this work. A rectangular slot 
with cross-stream width of 75 mm was chosen for the experiment. 
Measurements were performed in air using a single hot-wire. Oscillations 
were generated using a set of eight loudspeakers in the frequency range of 10 
to 100 Hz. Velocity amplitudes of up to 50 m/s were achieved at the exit 
plane. Uo was used to define Reynolds number for synthetic jets (Re 4 RST
ν
 ) 
and Uave was applied as a velocity scale for continuous jets (ReT 4 RUVWTX  ). 
Schlieren images of the synthetic jets showed that cross-stream growth of the 
jet begins much closer to the exit plane for a synthetic jet than for a 
continuous jet [1]. 
There are many factors involved in studying synthetic jet behavior. Of 
those, the exit geometry of the orifice is of interest in many studies. Fugal 
[26] focused on how the exit geometry and non-dimensional Stroke Length 
could affect the formation threshold of the synthetic jet. The net momentum 
flux in the jet and the location of the stagnation point during half of the cycle 
(suction phase) was determined in their experiment [27]. In the first ejection 
phase of the flow, since all the fluid is moving away from the exit plane, 
there is no stagnation point. A stagnation point is formed during the suction 
phase of the cycle downstream from the exit plane. The flow entering from 
the sides to the channel is separated from the flow travelling away from the 
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exit plane at this point; hence, the fluid downstream from the stagnation 
point continues to move away from the exit, while the fluid below the 
stagnation point moves into the channel. The downstream location of the 
stagnation point determines the size of the stream tube that contains the flow 
entering the channel [27]. 
Crook and Wood [28] also studied the effect of cavity and orifice 
geometry on synthetic jet formation. In order to facilitate changing the cavity 
height and orifice diameter, they constructed a shaker driven modular set up 
where different circular orifice plates can be interchanged. Smoke particles 
were used for visualization. The oscillator was set at 50.1 Hz. Reynolds 
number was computed with the hot-wire anemometry measurement of 
maximum centerline velocity during the ejection phase of the cycle. A vortex 
ring is formed when maximum value of circulation is reached. The excess 
circulation flow or vorticity that could not reach the maximum value will 
shape a tail behind the ring. The “tail” forms due to insufficient Reynolds 
number which causes the vortex ring not to roll up. Smith et al [29] also 
observed the tail behind a ring in their experiment. Figure 3 [4] shows the 
two dimensional images of the smoke seeded flow field as a function of 
Reynolds number and height to diameter aspect ratio. The white vertical line 
shows the approximate location of the orifice the white horizontal bars 
represent the approximate diameter of the orifice. The “tail” is shown in the 
figure with white arrows. The Reynolds number decreases from top to 
bottom and increases from left to right. 
Two sets of measurements were taken in Smith et al [29]. In the first 
set they increased the orifice height while holding Reynolds number and 
orifice diameter constant. The second set was taken by increasing the height 
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of the cavity while holding Reynolds number, orifice height and orifice 
diameter constant. In both experiments the amount of circulation in the ring 
increased due to generating a more developed velocity profile in the orifice. 
It was also found that a larger cavity would allow the ring to generate more 
vortices while interacting with the cavity wall.  
 
Figure 3 Effect of Reynolds number and orifice height-to-diameter 
aspect ratio on synthetic jet formation. Adopted from Holman [4]. 
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Chen et al [12] used stroboscopic flow visualization to observe the 
occurrences of a laminar synthetic jet at low Reynolds numbers and 
turbulent synthetic jet at high Reynolds numbers using hot-wire anemometry 
to measure the velocity field. They were the first researchers to develop a 
piezoelectric actuator with a rectangular (35.5O 0.5 mm) orifice to produce 
synthetic jets. They recognized the presence of discrete vortex fields 
downstream of the orifice at low Reynolds number, however only one vortex 
pair was observed at the orifice at high Reynolds number, followed by a 
turbulent jet. They found both that the transition to turbulent flow depended 
on Reynolds number and dimensionless Stroke Length. 
Particle Image Velocimetry (PIV) was used in some studies of 
synthetic jets. Bera et al [24] used PIV to measure velocity fields of a 100O1 YY7 rectangular orifice. They used acoustic drivers (speakers) driven at a 
frequency of 200 Hz and found that the ejected fluid moved far downstream 
from the orifice during the ejection phase and was not affected by the suction 
phase. Stagnation point length was observed to be at distance of 
approximately two slot depths downstream of the orifice. Any particle above 
this point could not be affected by the suction phase of the flow. Above this 
point the flow was similar to a conventional steady jet.  
Cater and Soria [30] also used PIV in their experiment. A round 
synthetic jet with a 2 mm diameter orifice was placed in a water tank and 
was driven by a piston cylinder arrangement that could oscillate with a time-
periodic function to generate a sine wave. Their study demonstrates similar 
cross-stream distribution of velocity to conventional continuous jets but with 
a larger spreading rate. Using dye visualization in their study, they observed 
four distinct flow patterns as the Reynolds number increased. Figure 4 shows 
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these patterns. The experiment was conducted beginning with low Reynolds 
number and gradually increasing. The first pattern as shown in Figure 4 (a) 
was a laminar- like flow which did not mix with the surrounding fluid and 
was referred to as “laminar jet” in their study. Figure 4 (b) revealed an 
individual laminar vortex ring  that ended up combining and forming a 
transitional-like flow shown in Figure 4(c) which is then followed by a fully 
turbulent jet at the highest Reynolds number, shown in Figure 4(d). This 
pattern was called a “turbulent jet” which is very similar in appearance to a 
conventional continuous turbulent jet. 
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Figure 4 Flow regions as a function of Reynolds number: (a) laminar jet, 
(b) laminar rings, (c) transitional jet, (d) turbulent jet [30]. 
Zaman and Milanovic [31, 32] also did an experimental investigation 
on round synthetic jets with different geometries. They worked on high 
Reynolds number jets up to 46,000 with a fully turbulent flow in the absence 
and presence of a cross-flow. For synthetic jet formation, the threshold is 
found to be 3 :8 Z 0.5 in absence of the cross-flow. In the presence of the 
cross flow, the penetration length of synthetic jet is found to depend on 
momentum flux ratio. Mean velocity, stream wise vorticity and turbulent 
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intensity profiles of synthetic jets were observed to be similar to those of 
steady jets in cross-flow. They continued their study by exploring different 
geometries such as cylindrical, pitched and clustered while keeping the 
cross-sectional area constant. Figure 5 shows different geometries used in 
their study. 
 
Figure 5 Different geometries: a) cylindrical, b) pitched and c) clustered. 
In recent years, designing [33] and optimizing [5] the actuators has 
been studied. Straight, beveled and rounded plates were used for orifices in 
Shuster and Smith [6]. By using different designs of the orifice plates, 
velocity fields could be changed. In their study they used three different 
designs to investigate the effects of each on the formation of synthetic jets. 
Figure 6 shows the different orifice cross-sections used in their study. The 
height to diameter aspect ratio was held constant at 0.5. A piston cylinder 
was used to generate synthetic jets in water. PIV measurements showed the 
transition from laminar flow to turbulent flow is a function of Reynolds 
number and Stroke Length. Different geometries can result in different 
characteristic of vortex rings. The vortex rings formed through the beveled 
orifice persisted longer than the other two. 
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Mallinson et al [34] conducted an experimental-computational study 
on an axisymmetric orifice, oscillated by a piezoelectric driver. The 
oscillation frequency, orifice diameter and cavity height were changed. Hot-
wire centerline velocity measurements showed that a larger cavity size had 
the effect of decreasing the jet velocity. 
Smith et al [29] showed that the sharpness of the orifice slot could 
affect the jet formation. The jet formed at lower Reynolds number if the 
sharpness of the cavity increased. 
Holman et al [35] also tried to find a relation between radius of 
curvature of the orifice exit edges and jet formation. They proposed a 
modified jet formation criterion which was related to the distance of formed 
vortex rings separating from each other. 
 
Figure 6 Orifice plate cross-sections used by Shuster and Smith: (a) 
straight, (b) beveled, (c) rounded [6]. 
2.3 Objectives 
This experimental study is intended to provide velocity fields for a 
round synthetic jet at low velocities. The relationships between the flow 
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velocity and parameters such as diameter of the orifice and frequency are 
explored. The detailed objectives of this study are: 
1. To investigate the variations of the dimensionless time mean 
velocity across the exit plane of the synthetic jet. 
 
2. To investigate the variations of dimensionless time mean 
velocity along the centerline in the near field and far field 
regions. 
 
3. To investigate the variations of the dimensionless velocity in the 
radial direction at various axial distances downstream of the 
orifice exit. 
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Chapter 3 
EXPERIMENTAL METHODOLOGY 
This chapter provides a description of the synthetic jet actuator device 
used in this experimental study. Details of the experimental apparatus, data 
acquisition procedure and data processing techniques used for the analysis 
are provided. 
3.1 Experiment Apparatus 
The experiment apparatus consists of six major categories (synthetic 
jet device, signal generating equipment, traverse equipment, calibration 
system, velocimetry equipment (hot-wire anemometer) and computer 
software). Components of each category will be explained in this section. A 
block diagram of the setup is shown in Figure 7 and the experimental 
apparatus is shown in Figure 8 and Figure 9.  
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Figure 7 Block diagram of experiment setup.
 
Figure 8 Hot-wire Anemometry, calibrator and computer. 
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Figure 9 Synthetic jet device, signal generating and traverse equipment. 
3.1.1 Synthetic Jet Device 
The synthetic jet device driver is a Logitech computer loudspeaker 
nominally rated at 32 Watt power. The speaker is considered as an acoustic 
driver. Schematic details and dimensional parameters are shown in Table 1 
and Figure 10. Since one of the parameters is the orifice diameter, the 
speaker lid is designed to have a snap on changeable orifice plate to allow 
two different orifice diameters. Orifice diameters of 10 mm and 15 mm are 
used in this experiment. The outer edge of the orifice has a 0.5 mm radius in 
order to prevent flow separation (Figure 10). The synthetic jet device is fixed 
to the experiment table to prevent vibration and dislocation errors.  
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Orifice diameter 
d (mm) 
Orifice slot height 
h (mm) 
Radius curvature  
R (mm) 
Cavity Volume  
V (m3) 
10 and 15 4.36 0.5 259.5 O 10\] 
Table 1 Synthetic jet device specification parameters. 
3.1.2 Signal Generating Equipment 
The signal generating equipment includes a function generator 
(Wavetek Model 182A) to generate the input signal for the oscillator 
(speaker driver). The signal type is chosen to be sinusoidal with an 8 volt 
peak to peak amplitude. Signal frequency is one of the parameters that is 
changed in this research. Measurements were taken with frequencies of 10 
and 20 Hz. The function generator output signal is connected to an amplifier 
(MEI two channel bridgeable design - multi mode power DA8500) via a 50 
Ω out low resistance BNC connection port. A DC power supply (HP Model 
6011A) is used to provide 14 volts for the amplifier. An oscilloscope is 
connected to speaker input to measure signal amplitude and observe the 
signal shape. The chamber of the speaker is completely sealed to maintain a 
more uniform air flow in the cavity.  
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Figure 10 Detailed schematic of synthetic jet dimensional parameters. 
3.1.3 Traverse Equipment 
A Velmex VXM stepper motor controller is used to traverse the probe 
into different locations. A two-dimensional traverse is used to accommodate 
specific positions for the experiment measurements. The probe can be 
moved in the X and Y direction (Type M092- FD-447) with traversing speed 
of 2.5 mm/s. The motion can be controlled either with the remote controller 
or manually (Figure 11). A dial gauge is used to measure each step size 
estimating 200 steps in 1 mm. Resolution is calculated to be 0.005mm.  
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Figure 11 A schematic of the traverse location, hot-wire and synthetic 
jet device. 
3.1.4 Hot-wire Anemometry 
A single straight hot-wire anemometer system (TSI brand, IFA 300) 
with a Constant Temperature Anemometer (CTA) operating bridge is used in 
obtaining velocity measurements. It was selected due to the high frequency 
response, fine spatial resolution and wide velocity range. A CTA utilizes a 
wire or, in this study, a film which is heated to a temperature above the 
ambient by an electrical current. This film is located in one arm of a four-
arm Wheatstone bridge. A servo amplifier is usually used to balance the 
circuit by controlling the current which is imposed on the film to keep the 
resistance and hence temperature constant. The voltage output from the CTA 
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is proportional to the current required to be passed through the film to 
balance the Wheatstone bridge circuit. Operation of the hot-wire is based on 
the forced convective heat transfer rate from the probe to the fluid. The 
forced convective heat transfer rate depends on the velocity changes of the 
fluid. In other words, velocity changes cause the heat transfer coefficients to 
change and hence results in a change in temperature. The control system 
then, adjusts the amount of current passing through the hot-wire to maintain 
the hot-wire temperature constant.  
There are five discrete elements in a hot-wire anemometer system: 
probe, probe holder, calibration system, analog to digital (A/D) converter 
and data analysis software. 
Probe 
A film probe is used for this experiment. They are more rugged and 
tend to retain their calibration better than wires. Table 2 shows the 
specification of the probe used for this experiment.  
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Sensor 
No. 
Probe 
Type 
Recommended 
Application 
Environment 
Probe 
RES 
at 0°C  
(Ω) 
Recommended 
Operation 
RES (Ω) 
Recommended 
Operation 
Temperature 
(°C) 
51-51 
TSI 
Model 
 1201-
20 
 
 
Film 
 
Gas 
 
6.19 
 
9.49 
 
250 
Table 2 Specification of the probe, adopted from TSI, IFA300 probe 
box. 
 Probe Holder  
The probe is attached to the probe holder and the probe holder is 
connected via a 5 meter standard cable to the IFA300 system. 
 Calibration System 
Calibration provides a relation between output voltage and effective 
velocity in the form of an equation using King’s law or fourth order or 
higher order polynomial (in this study a 5th order polynomial is chosen for 
the calibration curve fit). Figure 12 shows the calibration curve obtained in 
this experiment. The velocity range is set to be from 0 m/s to 5 m/s. An 
automated air velocity calibrator (TSI Model No. 1129) is used and 
“Thermal Pro Software” provides the calibration curve. Details of calibration 
procedure are explained briefly in Appendix B.  
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Figure 12 Calibration curve fitted by a polynomial 5th order curve. 
The automated air calibrator consists of a settling chamber with a 
primary jet nozzle. The jet nozzle diameter can be changed depend on the 
expected velocity range to be measured. In this case a 14 mm primary nozzle 
is used. A secondary nozzle is also located in line with the primary nozzle in 
order to improve the accuracy and sensitivity at low velocity.  A pressure 
transducer is also used to measure the pressure upstream of the free jet, or 
upstream of the nozzle. The transducer is a MKS Baratron type transducer 
with an output of 0 to 10 Volts DC for differential pressures of 0 to 100 mm 
Hg. Figure 13 shows the locations of the secondary and primary nozzles and 
details of the calibrator including pressure transducer, thermocouple, A/D 
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converter board and also connections made between the components and 
computer. In all the experiments the room temperature was considered to be 
20 ° C. 
Analog to Digital Converter 
A 12- bit A/D converter accepts voltage inputs in the range of –5 volts 
to +5 volts with a built in signal conditioner in the IFA 300 (TSI A/D board 
Type REV A). Up to a 5 volt offset and a gain of 1 to 10 are provided by the 
signal conditioner depending on the pressure transducer and anemometer 
output signal levels. The system is connected to the probe holder via a 5 
meter cable with measured resistance of 0.36 Ω. Figure 14 shows the 
connections between A/D converter board and other components. 
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Figure 13 Connection between IFA300, air calibrator, pressure 
transducer, A/D board and computer [36]. 
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Figure 14 A/D board connections with function generator and IFA300.  
Data Analysis Software 
A PC computer is used for collecting and post-processing the data 
using “Thermal Pro Software”. The software is used to configure the IFA300 
and for data acquisition and analysis. The software also assists in controlling 
the traverse, setting gain, offset and resistance. The automated air velocity 
calibrator is also fully controlled by the Thermal Pro software. It is used to 
determine the calibration points, set the calibration velocity range and fit the 
calibration curve.  
 Directional Ambiguity 
Hot-wire Anemometry has limitations. The most serious limitation is 
directional ambiguity which means that hot-wire is insensitive to the flow 
direction.  
The input signal from a hot-wire subjected to a sinusoidal change of 
the velocity over the hot-wire are shown in Figure 15. Instead of having two 
half cycles of negative and positive sign, it has two half cycles of positive 
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sign. A synthetic jet has an ejection phase and a suction phase, the positive 
part of the cycle represents the ejection phase and the negative part 
represents the suction phase. In this thesis a method of overcoming this 
problem is used and a detailed explanation is given in Section 3.5. 
 
Figure 15 Effect of directional ambiguity on the output signal. 
3.2 Experimental Procedure 
In this study, velocity of the air flow in synthetic jets is measured. 
Measurements are made at various points in the flow field, for frequencies of 
both 10 and 20 Hz and orifice diameters of 10 and 15 mm. The experimental 
measurements are performed in air at atmospheric pressure.   
At each position, 16 kilo points (16385 points) were taken with a 5000 
point per second sampling rate which resulted in a total sampling time of 
3.27 seconds. According to the sampling theorem, the sample rate must be 
greater than twice the highest of the maximum measured signal frequency  E_ ` 2E;<! which is satisfied, in this experiment. Depending on the 
speaker excitation frequency, the synthetic jet period, changes. The synthetic 
jet period is defined as: 
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D 4 1E (11) 
 
where T is the period and E is frequency. For frequencies of 10 and 20 Hz, 
this gives periods of 0.099 and 0.049 seconds respectively. 
A 16 kilo point sample with 5000 point per second sampling rate is 
chosen after comparing the results with 4, 8 and 32 kilo point results. Figure 
16 shows the  ⁄  values (which is the ratio of time-averaged velocity 
over downstream-directed velocity at X=0, see Section 1.2) versus the 
number of points. The higher number of points (32 kilo points) improves the 
results only by % 0.57. Taking 32 kilo points of data at each measurement 
would also need a faster and more appropriate processor for post-analyzing 
the data; hence 16 kilo points are taken instead of 32 kilo points.  
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Figure 16  
 
⁄  versus number of sampling points. 
3.2.1 Data Acquisition  
Using Thermal Pro software, probe resistance, temperature,  sampling 
rate and number of points can be entered into the computer and then by 
clicking the ”Trigger” button, acquisition starts. Each set of data is measured 
after setting the position with the traverse control program. As mentioned 
before 16 kilo points are taken with 5000 points per second sample rate. 
Each cycle depends on the frequency consist of specific number of points at 
a fixed period for instance at 20 Hz frequency and the total time of 3.27 
seconds, there are approximately 65 cycles measured and automatically 
saved to the computer ready to be extracted by the post-analysis option of 
the software. Appendix B offers more specific, step by step instructions for 
data acquisition using Thermal Pro software. There are three different 
categories of measurement points taken in this study: 
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1-Measurements at the orifice plane (X=0) which are taken at Center, 
North, South, West and East (Figure 17). 
 
Figure 17 Measurement points at the orifice plate. 
2- Measurements along the centerline of the orifice from X=0 to X=3d 
in d/4 intervals (Figure 18) 
 
Figure 18 Measurement points along the centerline of the jet exit. 
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3- Measurements at various positions, perpendicular to the jet axis, 
moving from the center towards East and West at fixed axial distances from 
the jet exit. These measurements are taken in order to obtain the velocity 
profiles at axial distance at d/2 and 11d/4 (Figure 19). 
 
Figure 19 Measurement points at d/2 and 11d/4 axial distances, 
perpendicular to the jet axis. 
3.3 Data Processing 
Using the IFA300 post analysis software, data can be converted and 
extracted into a worksheet. Directional ambiguity makes it complicated to 
analyze the results. It is even harder as we traversed downstream along the 
centerline. Figure 20 shows the ejection and suction part of the cycle as the  
X/d increases. Traversing downstream away from the jet exit the ejection 
phase increases and suction decreases. 
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Figure 20 Ejection and suction phase along the centerline at X=0, X=d/2 
and X=d/4. 
To analyze the data sets, phase locked velocities are needed. This 
means each data cycle is extracted from the raw data and plotted over one 
cycle from t=0 to t=T. Excel is used to gather all the data points in one cycle. 
Figure 21 shows 33 measurement cycles layered in one cycle at X=0 at 10 
Hz frequency for the 10 mm diameter orifice.  
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Figure 21 All 33 measurement cycles layered on one period for the 10 
mm-10 Hz jet. 
Fourier series is used to determine an average for the data points 
which retains the cyclic nature. Four terms of a Fourier series are used for 
curve fitting in this study (shown in Equation 12), since higher orders did not 
offer much more accuracy. A MATLAB curve fitting tool is used to find the 
coefficients (a9, ac, dc, … !. A nonlinear least square curve fitting technique 
(Levenberg-Marquardt) is chosen as the fitting algorithm: 
 
 
 $ &! 4 a9 f acF>? @&! f dc%= @&! fa7F>? 2@&!  f d7%= 2@&! f agF>? 3@&! fdg%= 3@&! f aiF>? 4@&! f di%= 4@&! 
 
 
 
(12) 
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The resulting Fourier series can be plotted and represents all the 
layered cycles as shown in Figure 22. Since it is known that each cycle has a 
suction and an ejection phase and suction should be negative, cycle reversing 
can be done by finding the minimum points. Having the real ejection and 
suction phase, it is very straight forward that  is the area under the curve 
of positive part of cycle minus area under the curve of negative part of cycle. 
The area can be determined by integration of the Fourier Series.  
 
Figure 22 Fourier Series. 
The Fourier Series, integrated over the whole period, is the value of  which should theoretically be zero at center of the orifice plane, is 
given in Equation.13. 
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 4 1D5  $ &!69 :& 4 1D ka9& l ac@ %= @&! f dc@ F>? @&!l a72@ %= 2@&! d72@  F>? 2@&!l ag3@ %= 3@&! f dg3@  F>? 3@&!l ai4@ %= 4@&! f di4@  F>? 4@&!m 
 (13) 
 
The value of  can also be determined by integrating the Fourier 
Series over only half of the cycle shown in Equation 14. Figure 23 shows the 
cycle of the Fourier Series, corrected for directional ambiguity. 
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A 4 1D5 $ &!:&
67
94 1D ka9& l ac@ %= @&! f dc@ F>? @&!l a72@ %= 2@&!  f d72@  F>? 2@&!l ag3@ %= 3@&! f dg3@  F>? 3@&!l ai4@ %= 4@&! f di4@  F>? 4@&!m 
 (14) 
 
 
Figure 23 Reversing the suction cycle by using Fourier Series and the 
minimum point. 
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Chapter 4 
RESULTS AND DISCUSSION 
Results of measurements are presented in this chapter. All the data 
used to plot the figures can be found on an attached CD-ROM following the 
guidelines given in Appendix C. Section 4.1 includes a study on the orifice 
exit plane. Section 4.2 discusses the results of the centerline velocity 
measurements which are compared with Smith and Swift [1], Cater and 
Soria [30] and Smith and Glezer [7]. Section 4.3 offers the radial velocity 
profile results. 
4.1 Orifice Exit Plane Study 
The dimensionless average velocity,  ⁄  , for the five measured 
points in each set of data: Center, East, West, North and South on the orifice 
exit plane for the case of 10mm-10 Hz, 10 mm-20 Hz, 15 mm-10 Hz and 15 
mm-20 Hz can be  found in Table 3, Table 4, Table 5 and Table 6. Figure 24, 
Figure 25, Figure 26 and Figure 27 show the same results with error bars in a 
3-D plot (bar scale format). One end of the bar, in each case, is located at   ⁄ 4 0. 
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Table 3 Probe positions on the orifice plane and  
 
⁄  values for 10 
mm diameter at 10 Hz.  
 
Figure 24 3D plot at the orifice plane for 10mm diameter and 10 Hz 
frequency. 
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Table 4 Probe positions on the orifice plane and 
 
⁄  values for 10 
mm diameter at 20 Hz. 
 
Figure 25 3D plot at the orifice plane for 10mm diameter and 20 Hz 
frequency. 
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Table 5 Probe positions on the orifice plane and 
 
⁄ values for 15 
mm diameter at 10 Hz. 
 
Figure 26 3D plot at the orifice plane for 15mm diameter and 10 Hz 
frequency. 
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Table 6 Probe positions on the orifice plane and 
 
⁄ values for 15 
mm diameter at 20 Hz. 
 
Figure 27 3D plot at the orifice plane for 15mm diameter and 20 Hz 
frequency. 
Due to the Zero-Net-Mass-Flux characteristic of the device and its 
axially symmetric geometry, it might be expected that the   ⁄  values 
across the exit plane would be uniform and equal to zero. Although the 
results in each case show that the values are very small, they are not zero and 
vary slightly across the orifice plane. 
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It is seen that the velocities in the case of smaller orifice diameter, 
tend to have slightly larger magnitude. Table 7 shows 9 values at the center 
of the orifice (Z=0, Y=0). As it is seen, 10 mm-20 Hz jet values are larger 
than the 10 mm-10 Hz jet. The results show the same trend for the 15 mm-10 
Hz jet and 15 mm-20 Hz jet. Also the 10 mm-10 Hz jet values are larger than 
the 15 mm-10 Hz jet. 
 
Table 7 
 values at center of the orifice. 
Although the orifice is axisymmetric, the results show that the velocity 
variation is not completely uniform over the orifice plane. This could be 
caused by a non-uniform oscillating driver due to aging, contamination or 
non-uniform sealant under the drivers cap. The device chamber is sealed 
with aluminum tape in order to ensure that there is no leakage of air; 
however a non-uniform leakage could be another reason for the non-uniform 
velocity. It is also observed that the pattern of variation is not consistent for 
each case. The negative values are not always at the same location. This 
might be due to standing wave pattern differences within the chamber. 
4.2 Synthetic Jet Centerline Study 
In order to compare the obtained results with the previous studies, the 
data values are plotted using  ⁄  versus X/d as shown in Figure 28. 
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Error bars for one of the cases are included showing a 3% uncertainty in  ⁄  values (see Section A.7) 
 
Figure 28 Time-averaged centerline velocity versus downstream 
distance from 0 to 3d with d/4 steps. 
The flux volume of ejection must be theoretically equal to flux volume 
of suction and the  ⁄  is approximately zero at the orifice. The fact that 
these values are not zero is understandable as these readings only represent 
the values of velocity at the center of the orifice exit plane. The variation 
across the orifice exit plane from one case to another is responsible for the 
non-zero values. Of course the total volume flow rate into the chamber must 
still equal the total volume flow out of the chamber. As we traverse 
downstream on the centerline, the blowing effect is stronger than the suction 
and the  ⁄  increases. Beyond a certain distance (X/d Z 1), the 
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blowing phase has less effect and the  ⁄  begins to decrease. The data 
tend to drop sooner than Smith and Swift [1]. With perhaps the exception of 
the 15mm-20 Hz case, the data collapse well for X/d < 1. For values greater 
than X/d =1, the 15mm diameter cases are consistently greater than the 10 
mm diameter cases. In the case of each diameter, there is not a consistent 
variation with frequency and its effect is smaller and is within the 
uncertainty. 
The results follow the same trend as Smith and Swift [1]. Their results 
are shown in Figure 29. In order to make a comparison of the data easier; the 
obtained data in this study is plotted on a log scale in Figure 30. The legends 
in the figures show the Reynolds number and Stroke Length for each jet. 
 
Figure 29 Smith and Swift results for time averaged centerline velocity 
versus downstream distances [1]. 
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Figure 30 Experimental results, time averaged centerline velocity versus 
downstream distance (Log scale). 
4.3 Velocity Profiles in the Radial Direction Study  
The dimensionless velocity profiles in the radial direction are 
presented in Figure 31 and Figure 32 for axial downstream distances of d/2 
and 11d/4 respectively. Error bars for one set of data are also included 
representing approximately 4% uncertainty in U Uop⁄  values (see Section 
A.9). In this case the time average velocity at each radius is normalized with 
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respect to the centerline velocity. The dimensionless velocity profiles appear 
to be similar at X/d=11/4 but not at X/d=1/2.  
 
Figure 31 Mean velocity profile taken at d/2 distance downstream. 
 
Figure 32 Mean velocity profile taken at 11d/4 distances downstream. 
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Jet width gives a quantitative measurement of the jet spreading. This 
value was determined by fitting a 4th order polynomial to the U Uop⁄  data 
versus r/d data in Figure 31 and Figure 32. The jet width (b) is taken as the 
radius at which the velocity is half of the centerline value. As seen in Figure 
33, synthetic jets with larger Stroke Length, grow with a larger spreading 
rate. The jet width results are in good agreement with Smith and Swift [1]. 
Spreading ratio is found to be larger for the smaller diameter. Error bars are 
also demonstrated for one set of data estimating 4% uncertainty according to 
Section A.11. 
 
Figure 33 Jet width based on half maximum velocity as a function of 
downstream distance. 
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Chapter 5 
CONCLUSIONS AND RECOMMENDATIONS 
This chapter summarizes the important and relevant results obtained 
from this study and recommendations for future work. 
5.1 Conclusions 
1- A small variation of average velocity about zero is observed across 
the orifice exit plane. 
2- The larger diameter orifice has less strength (power) than the 
smaller one.  values for the 15mm diameter jets were found to be 63% 
less than the 10 mm diameter jets at the same oscillating frequency. 
3- A comparison for the same diameter jets shows that higher freque 
nncy causes stronger (more powerful) jets.  values for 20 Hz jets are 49% 
larger than 10 H jets. 
4- Dimensionless parameters Uqrs Ut ⁄ and X/d were capable of 
collapsing to a reasonable extent for the centerline velocity data in all cases. 
5- Dimensionless velocity profiles along the centerline show the same 
trends as previous investigators such as Smith and Swift [1] and Smith and 
Glezer [7]. 
6- The dimensionless radial velocity profiles seem to be similar at   
X/d =11/4 but not at X/d=1/2. 
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7- Jet spreading is greater in the case of the smaller diameter orifice. It 
appears that dimensionless jet spread increases with 3 :⁄ . 
5.2 Recommendations 
Possibilities for future work beyond the scope of this study include 
extension of the experimental measurements and investigation of the effect 
of different parameters such as diameter, radius curvature of the orifice, 
cavity volume and frequency range on the behavior of synthetic jets.  
Another possibility is to study the higher Reynolds number jets and 
attain the transitional phase and turbulent phase behavior of the jet flow. 
Analyzing the rectified velocity curve could be an interesting and 
challenging study and better methods of overcoming the hot-wire directional 
ambiguity should be pursued. 
The imposed effect of two synthetic jets on each other could also 
studied either experimentally or simulated numerically in order to find out 
the outcome power of a set of synthetic jets which could be useful in cooling 
or mixing applications. 
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APPENDICES 
This section provides further information regarding the measurement 
procedures. A detailed uncertainty analysis can be found in Appendix A. 
Calibration and measurement procedure involving Thermal Pro software is 
briefly explained in Appendix B. This section can be used as a manual for 
future measurements with IFA300 CTA. The data measurements, analysis 
and plots can be found on the enclosed CD-ROM in Appendix C. 
Appendix A: Uncertainty Analysis 
Different variables such as velocity (), frequency (f), Orifice 
diameter (d), the distance downstream from the orifice plane (X) and input 
signal voltage (V) are measured in this thesis. Multiple-measurement 
uncertainty analysis is assigned for the velocity measurements to quantify 
error estimates while single sample analysis is used for all other variables. 
The procedure for multiple-measurement uncertainty analysis separates 
elemental errors into bias (B) and precision (P) error [37]. The velocity 
measurement uncertainty (uvw) can be calculated as: 
 
uvw 4 xd7 f  &y,z{ |!7 (15) 
 
where &y,z{ P is the estimate of the precision uncertainty in velocity 
measurements at a 95% confidence and L degrees of freedom. 
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A.1 Bias in Velocity 
Bias error for the multiple-measurement uncertainty analysis using 
hot-wire includes different sources of uncertainty such as, calibration 
equipment uncertainty, probe positioning, temperature variations and 
ambient pressure variation. For a general quantity reading, R, the uncertainty 
in the reading is defined as u} and the relative uncertainty in the reading is 
the ratio of  ~} . Bias is defined as the total relative uncertainty of readings 
from different error sources ( > ) shown as below [38]. 
 
u 4 2.u}7c  (16) 
 
Each of these sources could reduce the measurement accuracy. Any 
change that causes the heat transfer from the wire into its surrounding is a 
disturbing factor [38]. Disturbing factors can be related to the flow medium 
or probe condition. Some important flow conditions that cause error are 
explained below. 
Temperature variations drastically change the accuracy as the heat 
transfer is directly proportional to the difference of temperature between the 
sensor probe and the medium. The relative standard uncertainty in velocity 
measurements due to change in air temperature variations (uJ) is 
expressed as below [38]. 
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uJ 4 1√3 · ∆D  °!273  (17) 
 
∆D is the difference between ambient reference temperature and the 
temperature during the measurements. For a wire probe used in air under 
normal conditions relative standard uncertainty in velocity measurements per 
1°C change in temperature, is about 0.2% [38]. 
Ambient pressure variation changes the density and hence the 
velocity. The relative standard uncertainty in velocity measurements due to 
ambient pressure variation (uJ) is defined below. Typical value for ∆| is 
about 10 KPa [38]. 
 
uJ 4 1√3 · |t|t f ∆| (18) 
 
where ∆| is differential pressure and | is standard pressure. The relative 
standard uncertainty in velocity measurements due to pressure variation for a 
10 kPa, differential pressure is about 0.6% [38]. 
The misalignment of the probe in the calibration process and 
measurement process can affect the results. The probe holder in this case 
was aligned parallel to the flow perpendicular to the orifice plane. The 
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relative standard uncertainty in velocity measurements due to probe 
misalignment (uJww) can be shown as [38]: 
 
uJww 4 1√3 ·  1 l cos ! (19) 
 
where  is the degree of misalignment. Figure 34 shows  in the probe 
positioning. A typical value for positioning a probe is 1° and the relative 
standard uncertainty in velocity measurements due to probe misalignment is 
approximately zero [38].  
 
Figure 34 Misalignment degree (). 
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Calibration uncertainty could be a major source of error in the 
experiment. Calibration uncertainty can be shown as below, aorp is a relative 
standard uncertainty and borp is a constant contribution. borp can only be 
neglected for velocities over 5 m/s [38]. 
 
STDV Uorpqsrts! 4  aorp %! f borp m s⁄ ! (20) 
 
Usually aorp is   0.01 and borp is   0.02. The relative standard 
uncertainty due to calibration equipment error is: 
 
uJ£¤¥¦§¤w§ 4 1100 . STDV Uorpqsrts %!! (21) 
 
According to the air calibrator manual [38] accuracy of the velocity 
reading is approximately 0.5% which is valid since it is in the acceptance 
range: 
 
l3% ¨ uJ£¤¥¦§¤w§ ¨ 3% (22) 
 
Total relative uncertainty (u) can be calculated using the 
following formula: 
 
65 
 
u 4 
2. © uJ7 f uJ7 f uJ£¤¥¦§¤w§7 f uJww7 ªc 78  (23) 
 
Total relative uncertainty in this case is calculated to be ∓ 0.016. 
 A.2 Precision in Velocity 
Since a number of cycles are over layered on one cycle, velocity 
difference appears in the form of a band. Figure 35 shows the velocity range 
on a set of data taken at the center of the 10 mm diameter orifice at 10 Hz. 
The solid line shows 33 cycles of data points over layered on one period. A 
Fourier Series is used to fit the data and gives an estimate of the mean value 
of the measured velocities which is used to correct the rectified curve. The 
dashed line shows the directional ambiguity corrected Fourier fitted curve. 
The velocity values for all cycles and the mean values at t=0 and t= 67 for 10-
10-0-0 are shown in Figure 36. The velocities are plotted starting from 2.9 
m/s instead of 0 m/s for presentation purposes.  
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Figure 35 Phase locked data and Fourier fitted curve for 10-10-0-0. 
 
Figure 36 Velocity values at t=0 and t=  for 10-10-0-0. 
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In order to calculate the multiple sampling uncertainties, the precision 
of the measurements must be estimated. The sample standard deviation for a 
sample of $ &! data points (STD) is used to estimate the precision (P) of the 
measurements and is shown below: 
 
P 4  1¬ l 1  ­ $ &!! l $®¯7°c  (24) 
 
where N is number of data points and $® is the averaged velocity of a sample 
measurement over one cycle. Since Fourier Series is used to provide a mean 
value for the entire number of cycles, for instance in the 10 Hz measurement 
33 cycles, the Fourier mean value is used. This value is almost the same as 
the mean value calculated using the following formula: 
 
$® 4 1¬ $ &!!°c  (25) 
 
Calculation of | shows an approximate uncertainty of ∓ 0.114 m/s in 
the velocity measurements due to the precision. The estimate of the precision 
uncertainty in velocity measurements at a 95% confidence is defined by &y,z{| [37].  
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&y,z{ is extracted from the “Student t Distribution” table [37] where 
degrees of freedom (L) is defined as given below: 
 
L 4 ± l 1 (26) 
 
where M is the number of finite measurement cycles of velocity. At 10 Hz, 
for each sampling measurement, M is 33 cycles which means at a 95% 
confidence and a 32 degrees of freedom, &y,z{ is 2.037. The measurement 
uncertainty in velocity due to the precision is calculated to be 0.232 m/s 
which gives a relative uncertainty of ∓ 0.078. 
A.3 Velocity Uncertainty 
Using the bias and precision previously determined, the overall 
relative uncertainty in velocity measurements is ∓ 0.08. 
A.4 Diameter Measurement Uncertainty 
Orifice diameters are measured using a vernier caliper which provides 
the resolution of ∓ 0.025 mm. The zero-order uncertainty of the caliper 
(u²³) with a probability of 95% is calculated using Equation 27 and 
resulted in a ∓ 0.0125 mm of error in reading the diameter of the orifice. For 
the 10 mm diameter orifice this becomes as a percentage of 0.125%. 
 
69 
 
u²³ 4  12  ´I=%$&>%? (27) 
 
A.5 Frequency Measurement Uncertainty 
Since frequency and period are related inversely, period can be used to 
estimate the amount of error in the frequency measurements. Standard 
deviation in period measurements for 10-10-0-0 case is calculated as: 
 
u(³µ 4  1± l 1  ­ D! l D®¯7¶c  (28) 
 
where D® is the mean value of period over the whole number of samples. D® is 
calculated to be 0.0991 seconds for 10-10-0-0 case. The period of each cycle 
is shown by  D!, i is the number of the cycle. u(³µ is almost zero  5.9 O 10\{ =). Input signal frequency uncertainty can be determined to be 
∓ 0.006 Hz using Equation 29. For the 10 Hz case this becomes 0.06% . 
 
u¹³ºv³» 4 Eu²³µD  (29) 
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A.6 Input Signal Voltage Measurement Uncertainty 
Input voltage could be measured using an oscilloscope. The zero-order 
uncertainty [37] in setting the voltage is calculated using Equation 30 which 
resulted in a ∓ 0.1 Volts of error. For an input voltage of 8 volts this 
represents 1.25%. 
 
u¼½³ 4  12  ´I=%$&>%? (30) 
 
A detailed uncertainty analysis of the velocity measurements is 
conducted in this section of the thesis. The summary of this analysis is 
shown in Table 8. 
 
Table 8 Uncertainty analysis results. 
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A.7 
 and 
 Uncertainty 
  and  are determined in this thesis by integration of Fourier 
Series. Since an estimation of the uncertainty of the Fourier Series is 
extremely complicated, an alternate method is used. The definition of  is 
used instead. According to Equation 6,  can be approximated as a 
summation of velocity points at time intervals of ∆&.  Equations 31 and 32 
show ∆& and . 
 
∆& 4  D¬ (31) 
 
 4 1¬ ∆&°c ∆& (32) 
 
Since ∆& is constant it can be cancelled from the Equation 32. Equation 33 
shows the uncertainty of  (uJ). 
 
uJ 4 1¬ ¾  ¿¿  uJ!7
°
c
4 ¾À¿¿$7 uvÁÂ7 f À¿¿$7 uvÁ  Â7 f Ãf À¿¿$° uvÄ  Â
7
 
(33) 
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which results in Equation 34. 
 
uJ¦¤§ 4 1¬x¬ uv7 4 1√¬uv (34) 
 
Similarly, the uncertainty in  can also be shown to be : 
 
uJw 4 2√¬uv (35) 
 
In the 20 Hz case with 250 data points, uJ¦¤§and uJware calculated as 0.005 
m/s and 0.01 m/s Uncertainty of  J¦¤§Jw  can be determined by Equation 36. 
 
uJ¦¤§ Jw⁄ ⁄ 4 ¾ uJ¦¤§ !7 f  uJw !7 (36) 
 
By replacing uJ¦¤§and uJwwith their values from Equations 34 and 35 and 
also considering  4 0.169 m/s and  41.894 m/s for the 10mm-20 Hz 
case, ~Å¦¤§ Åw⁄J¦¤§ Jw⁄  can be calculated to be 0.03. 
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A.8 Uncertainty in Traverse Positioning 
Zero setting the traverse is done visually. It can be claimed by the 
author that zero setting in X direction can be done with 95% confidence at  
∓ 
µ79 (uÆ) which is 0.5 and 0.75 mm for the 10 and 15 mm diameter orifice, 
however in the Y direction, it can be done with 95% confidence at ∓ µc] (u») 
which is 0.62 and 0.93 mm for the 10 and 15 mm diameter orifice.  
 
uÆ µ8 4 ¾ uÆÇ !7 f  uµ: !7 (37) 
 
uµ is the orifice diameter measurement uncertainty explained in Section A.4 
and X is the distance  from the center of the orifice downstream. The second 
term of the Equation 37 is negligible, therefore; uÆ µ8  is calculated to be 
0.0016 at X=d/4 in 10mm case. 
 
A.9 Uncertainty in 
 
8  
 In order to find uncertainty of uJ J£¥8 , it should be considered that 
equals the value of  at ´ :⁄ 4 0. Equation 38 used to calculate the 
relative uncertainty of  8 which resulted in a value of ∓ 0.042. 
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uJ J£¥8 8 4 ¾ 
uJ !7 f  uJ£¥ !7 (38) 
 
A.10 Uncertainty in r/d 
The relative uncertainty in r/d can be calculated using Equation 39. r is 
the jet width and u ´8  is the relative uncertainty of jet width which is 
observed from the curves to be nearly 0.03. 
 
u µ8´ :8 4 ¾ u´!7 f  uµ: !7 (39) 
 
The second term can be neglected since uµ itself is small. The relative 
uncertainty is then calculated to be ∓.0.03. 
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A.11 Uncertainty in b/d 
u µ8  values are estimated to be ∓ 0.04 by looking directly at the 
difference between the curve fitted data and the data points at  8 = 0.5. 
For a È :8  value of 0.4, ~¦ É8 µ8   is then calculated to be ∓ 0.1.  
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Appendix B: Calibration and Data Acquisition using Thermal Pro 
Software 
Measuring with a hot-wire needs specific configuration and settings. 
Many options can be found on each screen which makes it necessary to 
understand and evaluate the best choice to use for measuring procedure. This 
section includes more detailed and sequential guidelines for calibration, 
acquisition and analysis associated with hot-wire anemometry. This 
information along with the software and hardware manual of IFA300 should 
be used to overcome the complexity of the software.  
B.1 Hot-wire Anemometry Calibration Procedure 
Calibration is an important step in every measurement procedure. In 
this experiment the measuring probe is the device that should be calibrated. 
An automated air velocity calibrator (TSI Model 1129) is used to calibrate 
the single-sensor probe. 
To calibrate the probe, there are certain steps that need to be taken as 
listed below: 
1- Choose the correct secondary and primary nozzle according to the 
velocity range of the study. In this study the desired velocity calibration 
range is from 0 to 5 m/s and hence a secondary nozzle with 14 mm diameter 
and differential pressure range between 0.4 to 100 mmHg is chosen with the 
primary nozzle number 3 of the TSI automated air velocity calibrator (Figure 
37).  
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Figure 37 Automated air calibrator used to calibrate the probe [36]. 
2- Measure the resistance of the probe cable using a shortening probe. 
In this study, a 5 meter cable is used to attach the probe holder and the 
Channel 1 port on IFA300. In the calibration-probe data, the resistance of the 
cable can be measured by selecting the “Read” button. For a 5 meter cable 
the resistance is measured to be 0.36 Ω (Figure 38).   
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Figure 38 Calibration-probe data screen. 
3- Install the measuring probe. Probes are fragile and should be 
handled cautiously. The probe should only be installed while the CTA is on 
stand-by or while the power is disconnected.  
4- Gain and offset values must be calculated and applied to bridge 
voltage. The main reason to apply these two values is to assure that the 
output voltage is as close as possible to the DC voltage span of the A/D 
board, which is between -5 to +5. Gain and offset can be calculated 
automatically choosing the “Calibrate” button on the calibration-probe data 
screen (Figure 38) or manually using the following formulae [36]: 
Offset can be determined by: 
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Offset 4 12  Bridge VoltageÓrÔ f Bridge VoltageÓÕ! (40) 
 
Gain range can be determined by: 
 
Ö-4 ÷×Bridge Voltage
min
- OffsetØÙ≥ Gain ≤ Ö4 ÷(Bridge Voltage
max
- Offset!Ù 
     (41) 
The relation between the output voltage and the bridge voltage is: 
 
Output Voltage= [Bridge Voltage - Offset ]×Gain (42) 
 
In this experiment, Gain and Offset were calculated to be 12 and 1.52 
volts respectively. Figure 39 shows the Gain and Offset calculator. Probe 
type, high flow and low flow velocity values must be entered. By selecting 
“Acquire”, pressure is set by the pressure transducer and by selecting 
“Calculate” Thermal Pro software calculates Gain and Offset using formulae 
31, 32 and 33.  
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Figure 39 Gain and offset calculator. 
5- The calibration points in the calibration-data table (Figure 40) are 
defined, by entering the minimum and maximum velocity, temperature and 
atmospheric pressure. The Thermal Pro software calculates the required 
calibration points for the selected velocity range. There are 17 points used 
for the calibration. Approximately 2 3⁄  of the points are in the lower 25% of 
the velocity range. The velocity of each point and required differential 
pressure for each point are shown in the calibration-data table (Figure 40). 
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Figure 40 Calibration-data table. 
6- The next step is the acquisition of the calibration points (Figure 41). 
On the calibration condition setup screen, calibration points and calibration 
curve can be acquired by selecting “Acquire” button. The resulting 
calibration points are shown on Figure 42. In the next screen (Figure 43), a 
curve fitting method is applied to the calibrated points. Different fitting 
methods can be chosen such as King’s law or polynomial with the option of 
choosing the order. A curve fitted result is shown in Figure 43. A 5th order 
polynomial gives an acceptable fitting. The probe is now ready to be used for 
measurements. 
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Figure 41 Calibration-condition setup. 
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Figure 42 Acquired calibration points. 
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Figure 43 Calibration curve fitting screen. 
B.2 Hot-wire Anemometry Measurement Procedure 
The hot-wire probe must be positioned in the desired place before data 
sampling. The traverse is used to locate the probe at the desired position. 
Thermal Pro software provides a controller for the traverse. Figure 44 shows 
the traverse controller table. Traverse can be controlled by setting the 
controller either on remote control (software) or local control (remote control 
device). 
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Figure 44 Traverse control table. 
The resistance of the calibrated probe must be measured before each 
measurement. There are three channels used out of 8 available channels on 
the TSI D/A acquisition board. Channel 1 is connected to the output voltage 
of the IFA300, Channel 2 is connected to the pressure transducer output and 
Channel 3 is linked to the function generator output. Figure 14 of the thesis 
shows the TSI board with the connections. 
After orienting the probe in the desired spot, data acquisition can be 
started. On the “Acquisition-probe data” screen (Figure 45), Channel number 
1 is automatically chosen. For the other channels, additional probes can be 
added using the “Add probe” button.  Each probe line can be edited using the 
“Edit Line” button. After adding each probe line, it must be saved.  
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Figure 45 Acquisition-probe data. 
Once all the parameters are entered and probe resistance is measured, 
the next screen (Figure 46) allows a choice of the sampling rate, number of 
points, atmospheric pressure and measuring units. Choosing sample rate and 
number of points, the total time is calculated by the software. The measuring 
trigger (Figure 46) is chosen to be an internal one. This screen also allows 
the experiment to be named with the “Rename” button. 
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Figure 46 Acquisition-condition setup. 
Each file name has 4 sections separated by dashes. Figure 47 shows an 
example of a file name and meaning of each section. The first section shows 
the orifice diameter, the second section shows the signal frequency, the third 
section shows the distance downstream of the jet along the centerline (Y 
value) and the last section shows the distance away from the orifice center to 
the East or West direction( X value).  
 
Figure 47 File name and definition of each section. 
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Hot-wire data can be acquired by selecting the “Trigger” on the next 
screen (Figure 48). A pop up window appears to enter the temperature. In all 
the current experiments, the temperature is considered to be at 20 °C. 
According to the settings 16 kilo points of data are then taken over 3.27 
seconds and automatically saved on the computer hard drive. Figure 49 
shows these data with synthetic jet velocities versus time in the first graph of 
the acquisition screen. The third graph shows the input sinusoidal signal 
versus time. For each of these graphs, minimum and maximum limits on the 
vertical axis can be configured using the “Config Graph” button (Figure 49). 
 
Figure 48 Triggering temperature requirement. 
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Figure 49 Input signal and synthetic jet velocity graph. 
B.3 Hot-wire Anemometry Post Analysis  
Saved data files can then be extracted using the “Analysis-Velocity” 
screen. After selecting the files using the “Get File” button, text format can 
be chosen to extract and convert the files to a readable version for using 
Excel spreadsheet software (Figure 50). 
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Figure 50 Post analysis. 
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Appendix C: Data Obtained From the Measurements 
The data for all the measurements in this study are gathered on the 
attached CD-ROM. The main directory according to Section 3.2 contains 
three folders named: Category 1, Category 2 and Category 3. Each category 
has two sub folders named 10 mm and 15 mm which is the diameter of the 
orifice. Two folders can be found under each of the subfolders named 10 Hz 
and 20 Hz which is the frequency of oscillations. Excel files are saved under 
each of these folders. See Figure 47 for meaning of file names. 
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